Abstract
Introduction
In a great variety of cells, repetitive oscillations of intracellular Ca 2+ ([Ca 2+ ] i ) result from the activation of the phosphoinositide signalling pathway through cell-surface receptors [1] [2] [3] . Interest in [Ca 2+ ] i oscillations has been centred primarily on two main questions: the underlying mechanisms and their possible consequences for physiological responses. Evidence accumulated over the past decade shows that neither question is likely to have a single 'right' answer, but that oscillation mechanisms and their consequences are likely to be quite diverse [2] . The T-lymphocyte is an attractive model system for studying these phenomena for several reasons. First, [Ca 2+ ] i oscillations triggered through stimulation of the TCR (T-cell antigen receptor) are prominent, and appear to involve only a single Ca 2+ -influx pathway, the store-operated CRAC channel (Ca 2+ -release-activated Ca 2+ channel) [4] . Secondly, [Ca 2+ ] i signals are known to have a critical physiological function in T-cells in controlling gene expression during the activation of T-cells by antigen [5, 6] . Finally, controlled [Ca 2+ ] i oscillations can be easily created in these cells by controlling the influx of Ca 2+ through open CRAC channels using a 'calcium clamp', thus enabling quantitative studies of the effects of oscillation amplitude and frequency on downstream events [7] .
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tions [4, 6] . A critical control point in this process is the expression of the IL-2 (interleukin-2) gene, for once the cell secretes IL-2 (a growth factor for T-cells), the activation process can proceed without further contact with antigen [8] . To commit the cell to make IL-2, the [Ca 2+ ] i signal must be sustained for periods of tens of minutes or more [9] . This reflects in large part the activation requirements of NFAT (nuclear factor of activated T-cells), a Ca 2+ -dependent transcription factor involved in IL-2 transcription [10] [11, 12] . Genetic evidence indicates that the CRAC channel, a highly selective store-operated Ca 2+ channel, is the only Ca 2+ -influx pathway activated under these conditions [6, 13, 14] . Thus influx through CRAC channels is essential for oscillations to occur.
An important question is how exactly the CRAC channels are involved. The immediate effects of blocking Ca 2+ influx noted above suggest that the channels play a more direct role than merely refilling stores. In fact, several observations suggest that cycles of CRAC channel activation and deactivation directly generate [ [15] . Interestingly, the frequency of oscillations produced by TCR cross-linking and ionomycin are similar (period, approx. 100 s) and significantly faster than those induced by sarcoplasmic/endoplasmicreticulum Ca 2+ -ATPase inhibition (period, approx. 200 s), suggesting that the speed of Ca 2+ cycling across the endoplasmic reticulum membrane helps determine oscillation frequency.
One hypothesis consistent with these results is that oscillations are caused by delayed communication between stores and CRAC channels, such that store content and CRAC channel activity periodically exceed and fall below their steady-state levels. In fact, indirect measurements of store [Ca 2+ ] and Ca 2+ influx in human T-cells indicate that store content oscillates out of phase with Ca 2+ influx [15] . According to this kind of model, cycles of over-depletion result from delays in the activation of CRAC, while overfilling results from delays in deactivation. While these results are qualitatively consistent with the slow kinetics of I CRAC (CRAC current) following changes in store content [16, 17] , much remains to be done in terms of modelling the response quantitatively. A major obstacle in developing a constrained model is the current lack of information about the nature of the link between stores and the CRAC channel, and an absence of methods with which to impose step changes in store content while measuring I CRAC . Another unanswered question is whether fluctuations in InsP 3 might also play a role in generating oscillations under physiological conditions (i.e. antigenic stimulation).
[Ca 2+ ] i oscillations enhance the efficiency of signalling to the nucleus
From the earliest sightings of [Ca 2+ ] i oscillations [18] , much speculation has been focused on their possible functions. The observation that oscillation frequency rather than amplitude most often varies with stimulus strength gave rise to the popular notion that oscillations act as a frequency-encoding system. Such a system could increase signalling fidelity by 'filtering out' random low-amplitude fluctuations in [ ] i elevation activates several transcription factors that bind to the IL-2 enhancer and are critical for T-cell activation: NFAT, Oct/Oap and NFκB (nuclear factor κB) [19] . Following stimulation for 3 h under these controlled conditions, the population of >10 5 cells can be harvested and assayed for expression of lacZ or luciferase reporter genes activated by each transcription factor. The second method involves loading cells with a membrane-permeant caged InsP 3 , followed by UV illumination to uncage InsP 3 , and measuring reporter gene expression in single cells using a β-lactamase system [20] . These two methods differ in subtle ways, and reveal different aspects of the response, as discussed below.
To Figure 1A) . One simple explanation for this effect is that oscillations periodically rise to levels high enough to exceed the threshold for NFAT activation, while a low constant [Ca 2+ ] i of the same average magnitude does not ( Figure 1B ).
[Ca 2+ ] i oscillation frequency contributes to the specificity of nuclear signalling
An important problem in cell biology and physiology is the requirement for specificity in the actions of a promiscuous messenger like Ca 2+ . [19] . Cells were stimulated with high-amplitude (1 µM) oscillations with periods of 1-30 min for 3 h, in the presence of PdBU. The responses of all three transcription factors (NFAT, Oct/Oap and NFκB) dropped as the period was increased, presumably due to the decrease in the total number of spikes delivered. However, the factors differ markedly in their dependence on frequency. NFAT and Oct/Oap require oscillations with periods less than approx. 6 min, whereas NFκB is considerably less stringent, showing activity even at interspike intervals as long as 30 min (Figure 2A) . Thus the set of factors activated by Ca 2+ is encoded by frequency: rapid oscillations activate all three factors, but slow oscillations only activate NFκB. These effects have been extended to the control of intact gene enhancers as well. The IL-2 enhancer, which contains NFAT and Oct/Oap sites, has a frequency response similar to that of both factors. In contrast, the enhancer for the chemokine IL-8, which depends on NFκB but not NFAT or Oct/Oap, resembles more closely the NFκB response behaviour [19] .
Interestingly, the differences in the frequency dependence of NFAT and NFκB appear to reflect the different biochemical mechanisms for their regulation. NFATc in the cytoplasm is activated by calcineurin, a Ca 2+ -dependent phosphatase that dephosphorylates multiple residues and thereby exposes a nuclear localization sequence, triggering rapid import to the nucleus [21, 22] . Dephosphorylation is countered by an aggressive kinase system, so that after [Ca 2+ ] i falls to subthreshold level, NFATc is rephosphorylated, exposing a nuclear export signal which targets it for rapid export [22] . The rapid kinetics of import and export (minutes [10, 23] ) are qualitatively consistent with the need for oscillation periods of <6 min for nuclear accumulation and activation. In contrast to NFAT, NFκB is regulated by a protein-degradation/-synthesis mechanism [24] . The NFκB heterodimer is localized to the cytoplasm by association with an inhibitory subunit (IκB, or inhibitory κB). ester, IκB is phosphorylated, targeting it for ubiquitination and subsequent proteolysis. This frees the NFκB to enter the nucleus, where it resides until sufficient IκB is synthesized to rebind and trap the NFκB in the cytoplasm. Because new synthesis of IκB takes tens of minutes, exit of NFκB from the nucleus is similarly slow [25] , consistent with the persistence of NFκB activity with infrequent Ca 2+ spikes. Interestingly, NFκB itself drives the synthesis of the isoform IκBα, and recent work suggests that this generates a negative feedback loop that can create oscillations of nuclear NFκB on a time scale of hours following sustained stimulation with tumour necrosis factor [26] . A conclusion from these studies is that the ability to decode [Ca 2+ ] i oscillation frequency results from the kinetics of transcription factor regulation, with the deactivation ('off') rate playing a particularly important role.
The ability of a Ca 2+ signal to activate transcription through a factor like NFAT is constrained by multiple factors. NFAT must accumulate in the nucleus to a high-enough level to bind to the enhancer sites, and must remain there long enough to allow initiation of transcription. The multiple requirements for NFAT signalling are well illustrated by another study in which oscillations were generated by uncaging InsP 3 in RBL cells [20] . In that case, a fixed amount of InsP 3 was most effective at activating NFAT if it was delivered as a series of pulses, rather than as a low tonic increase. This result can be explained as in Figure 1( can ask what kinds of information these patterns might convey to the cell. In addition, research to date has addressed only a small subset of a much larger number of Ca 2+ -dependent processes in the cell. An exciting possibility is that pathways may exist that respond to a narrow band of oscillation frequencies, enabling the cells to tune their responses selectively to different biochemical stimulus 'tones'.
